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Abstract: The effects of mineral salts on fiber cell thickness in flax (Linum usitatissimum L. cultivar Sarı 85) were
investigated in plants grown in medium both rich and poor in mineral salts and vitamins. Three media were investigated:
control (MS medium), mineral salt and vitamin deficient MS medium, and mineral salt and vitamin rich MS medium.
While chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid pigment content significantly increased in the
medium rich in mineral salts and vitamins, they decreased in the medium poor in mineral salts and vitamins. Moreover,
the chlorophyll a:chlorophyll b ratio increased in the medium poor in mineral salts and vitamins. Although there was
an increase in fiber cell wall thickness, sclerenchyma fiber cell extension in the stems of L. usitatissimum cultivar Sarı 85
(flax) was at its lowest in sclerenchymatous cells in stems grown in the medium rich in mineral salts and vitamins.
Furthermore, cell extension was highest in the medium poor in mineral salts and vitamins, and in specimens that rapidly
extended when treated with pectinase. As tensile strength is positively correlated to Young’s modulus, fibers of high
strength often had low elongation values in plants grown in the medium rich in mineral salts and vitamins.
Key words: Fiber cell thickness, Linum, mineral salts and vitamins, tissue culture

Keten (Linum usitatissimum L. cultivar Sarı 85) de mineral tuzlar ve vitaminlerin lif
hücrelerinin kalınlığına etkileri
Özet: Mineral tuzların ve vitaminlerin Linum usitatissimum cv. Sarı 85‘da lif hücrelerinin kalınlığı üzerine etkileri, mineral
tuz ve vitaminleri fazla içeren ortamda yetiştirilen bitkilerde araştırıldı. Kontrol (MS ortamı), mineral tuz ve vitaminleri
içermeyen ve mineral tuz ve vitaminleri fazla içeren ortam olmak üzere üç uygulama grubu oluşturuldu. Mineral tuz ve
vitaminlerin fazla olduğu uygulamada klorofil a, klorofil b, total klorofil ve korotenoid miktarında önemli bir artışa
karşılık, mineral tuzlar ve vitaminlerce eksik olan ortamda önemli bir azalma ve klorofil a: klorofil b oranlarında bir artış
oldu. Lif çeperlerinin kalınlığında bir artış olmasına karşın, L. usitatissimum cv. Sarı 85 (keten) gövde sklerenkimatik
liflerinin hücre genişlemesi, mineral tuz ve vitaminlerin fazla olduğu ortamda yetişen gövdelerin sklerankimatik liflerinde
en az, mineral tuz ve vitaminlerin eksik olduğu ortamda yetişen, pektinaz uygulamasıyla hızla genişleyen örneklerde en
fazlaydı. Lif sağlamlığı elastisite modülü ile pozitif olarak ilişkili olduğundan, mineral tuz ve vitaminlerin fazla olduğu
ortamlarda yetiştirilen bitkilerin sağlamlığı yüksek olan lifleri, daima düşük uzama değerlerine sahiptir.
Anahtar sözcükler: Lif hücresi kalınlığı, Linum, mineral tuz ve vitaminler, doku kültürü
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Introduction
Linum usitatissimum is an economically important
fiber (flax) and oilseed (linseed) plant. Both flax and
linseed are specialized developments of a single
species that originated in the Mediterranean and
southwest Asia. The linseed form of L. usitatissimum
is a significant oilseed crop in many regions of the
world, particularly those with cooler climates; its
annual world production is about 3 million metric
tons. Its principal growing areas are Argentina, India,
China, Canada, the USA, and Russia. Linseed is
grown for its seed oil, which has α-linoleic acid, and
this polyunsaturated fatty acid makes the oil highly
susceptible to oxidation. While it is used in many
industrial processes, including paint, varnish, and
linoleum manufacturing, in recent years this species
has become a significant source of plant omega-3 fatty
acids, which are of interest as a health product (1).
Flax for fibers is currently grown on about 390,000
ha worldwide, predominantly in China, the Russian
Federation, Belarus, and France (2). Thus, in vitro
applications for flax, lignin, pectin, and cellulose
synthesis have been extensively studied. These
components, as well as cell wall formation, are closely
connected to fiber quality. Flax is a useful model crop
for studying the genetic control of fiber quality,
because primary cell wall synthesis and elongation are
located above the “snap point”, whereas secondary cell
wall synthesis and thickening take place below this
point (3). Transgenic callus with antisense PME
cDNA (Lupme3) expressed modified levels of pectin
in flax (4). Down-regulation of cinnamoyl-CoA
reductase (CCR) and cinnamyl alcohol reductase
(CAD) in tobacco significantly reduces the lignin
content of fibers (5). Thus, a reduction in the lignin
level in flax might make the fiber softer.
In addition to these molecular and biochemical
studies on the manipulation of the quality traits of
flax, somatic embryogenesis research has been carried
out (6) on differential stress tolerance and cross
adaptation in the somaclonal variant (7), and in a
tissue culture-derived salt-tolerant line of flax (8).
This species was used in a number of fundamental
studies, including the use of embryo cultures (9),
improving flax regeneration (10), and its response to
light and calcium (11). Moreover, it was used to
produce low lignin flax plants that contain fibers with
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modified elastic properties (12) for industrial end use
(13). Despite the diversity of flax-derived tissue
culture research, there have been no investigations of
fiber cell wall extensibility in flax. The present study
investigated sclerenchymatous fiber cell wall thickness
and extensibility in flax (L. usitatissimum cultivar Sarı
85) that was grown in a medium with an excess of
mineral salts and vitamins.
Materials and methods
Experiments were performed with the seeds of
Linum usitatissimum L. cultivar Sarı 85 obtained from
the collection of the Ege Agricultural Research
Institute, Menemen, Turkey.
Seed germination
Seeds were germinated in Murashige and Skoog
(MS) plant growth nutrient medium (Sigma, USA)
(14) under in vitro conditions (Sterile cabinet,
Grässlin, Germany). Seeds were immersed in 7.5%
sodium hypochlorite for 15 min with stirring, and
then were rinsed 3 times with sterile distilled water
for surface sterilization. Sterilized seeds were sown in
3 variations of the MS basal medium, as follows:
control medium: basal medium (MS) of mineral salts
and vitamins, 2% sucrose, and 7% agar medium;
group 1: MS basal medium prepared without mineral
salts or vitamins, 2% sucrose and 7% agar medium.
Before the media were autoclaved (Hirayama, Japan),
pH was adjusted to 5.7; group 2: MS basal medium
modified with 5-strength MS basal medium
-1
micronutrients and vitamins (i.e. 111.5 mg L of
-1
-1
MnSO4, 43 mg L of ZnSO4, 31 mg L of H3BO3, 1.25
-1
-1
mg L of Na-molybdate, 4.15 mg L of KI, 0.125 mg
-1
-1
-1
L of CuSO4, 0.125 mg L of CoCl2, 2.5 mg L of
-1
nicotinic acid, 2.5 mg L of pyridoxine, and
0.5 mg L-1 of thiamine HCl), 2% sucrose, and 7%
agar medium. The experiment was conducted in a
Fitotron plant growth chamber maintained at 25 ± 2
2
°C with a 16-h light:8-h dark photoperiod of 30 μE m
s-1. In all, 100 seeds were subjected to each treatment
for 8 weeks. The experiments were performed in
triplicate.
Determination of physiological parameters
Plantlets were harvested after 8 weeks and
photosynthetic pigment identification was performed
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Software). Mean values and calculated standard errors
are reported. Significance was tested at the 5% level
(18).

using the primary leaves of the plants, according to
Witham et al. (15). At the end of the 8-week period
plantlet root and shoot length, and fresh and dry
weights were measured.
Anatomical investigations

Results

In order to explore the anatomical basis of
structural changes in the stem cells plantlets were
fixed in FAA [ethyl alcohol (50 cc), formaldehyde (10
cc), acetic acid (5 cc), and distilled water (35 cc)],
embedded, sectioned (15 μm thick), and prepared in
50% glycerin in water. Anatomical cross-sections were
obtained with a microtome. The diameter and wall
thickness of the sclerenchymatous cells in crosssection were measured using MOTIC B1 Series
System microscopes, a projection set consisting of a
micro and macro microscope (MicroOptic Industrial
Group Motic 2000 1.1), and a computer program in
micrometers, and photographs were taken.

The effects of different media on plantlet root and
shoot length, and fresh and dry weights are presented
in Table 1. Root length in group 2 decreased by
64.76%, as compared to the control group, and by
45.78% in group 1. The shoot length decrease in
group 2 was greater than that in group 1. The decrease
in shoot length in groups 1 and 2 were similar: 16.52%
in group 1 and 14.30% in group 2. On the other hand,
root fresh weight in group 1 was 117% higher than in
the control group; root fresh weight in group 2 was
11.764% lower.
Shoot fresh weight in group 1 was 56.6% lower
than in the control group, and even lower in group 2,
80.18%. Root dry weight was 92.43% lower in group
2 and 50.42% lower in group 1. Shoot dry weight was
76.52% lower in group 2 and 16.52% lower in group 1.

Cell wall extensibility of the sclerenchymatous
floem fiber cells was established by treatment with
pectinase enzyme (P-4802 from Aspergillus niger,
SIGMA). Fresh stem tissue fragments (3.0 g) were
treated with pectinase enzyme via agitation (120 rpm)
at pH 5.0 (0.05 M acetate buffer) (16). The enzyme
concentration was 1 g/L, treatment time was 4 h, and
incubation was at 50 °C. Following enzymatic
treatment, stems were washed twice with hot distilled
water to deactivate the enzyme (17), and then
anatomical cross sections of stem tissues were
obtained. In these sections cell diameter and cell wall
thickness of the sclerenchymatous fiber cells were
measured using MOTIC. Two-way analysis of
variance (ANOVA) and regression analysis were
performed using SAS v.10.0 (Statistical Analysis

The effects of different media on the
photosynthetic pigment content in the plantlets are
presented in Tables 2 and 3. Chlorophyll a (46.25%),
chlorophyll b (50.11%), total chlorophyll (47.85%),
and carotenoid contents (39.40%) increased in group
2, as compared to the control values. In group 1 only
the chlorophyll a:chlorophyll b ratio (10.45%)
increased, as compared to the control, while it
decreased by 4.96% in group 2. In group 1 chlorophyll
a (39.97%), chlorophyll b (45.95%), total chlorophyll
(41.81%), and carotenoid (37.03%) contents
decreased, as compared to the control.

Table 1. The effects of different media on root and shoot growth (n = 50, ± standard deviation).

Groups

Root
length
(mm)

Root
length
(%)

Shoot
length
(mm)

Shoot
length
(%)

Root
FW
(g)

Root
FW
(%)

Shoot
FW
(g)

Shoot
FW
(%)

Root
DW
(g)

Root
DW
(%)

Shoot
DW
(g)

Shoot
DW
(%)

ab

45.78

11.944±0.290b

16.52

0.0428±0.018b

117

0.1774±0.043ab

56.6

0.0059±0.002ab

50.42

0.0192±0.005a

16.52

bc

64.76

11.416±0.143b

14.30

0.0150±0.007b 11.76

0.0800±0.014bc

80.18

0.0009±0.0004bc

92.43

0.0054±0.001bc

76.52

ac

-

14.309± 0.435ac

-

0.017±0.115ac

0.424± 0.189ac

-

0.0119± 0.0076ac

-

0.0230± 0.0092a

-

1

16.516±0.656

2

10.726±0.328

Control

30.462± 0.675

-

The difference between “a” and group 2, “b” and control, “c” and group 1 is significant. FW: fresh weight, DW: Dry weight.
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Table 2. The effects of different media on chlorophyll content (Chl) (mg/mL) (n = 3, ± standard deviation).
Groups

Chl a

Chl a
(%)

Chl b

Chl b
(%)

Total Chl

Total Chl
(%)

Chl a/b

Chl a/b
(%)

1

0.1770 ± 0.0304

39.97

0.0715 ± 0.0100a

45.95

0.2485 ± 0.0404a

41.81

2.4673 ± 0.0845

10.45

2

0.4313 ± 0.1615

46.25

0.1986 ± 0.0444

b

50.11

0.6298 ± 0.2036b

47.45

2.1228 ± 0.4633

4.96

Control

0.2949 ± 0.0919

-

0.1323 ± 0.0273

-

0.4271 ± 0.1090

-

2.2337 ± 0.5423

-

The difference between “a” and group 2, “b” and group 1 is significant.

Table 3. The effects of different media on carotenoid (mg/g FW)
content (n = 3, ± standard deviation).
Groups

Carotenoid

Carotenoid (%)

1

0.9350 ± 0.1404

37.03

2

2.0700 ± 0.7085

39.40

Control

1.4849 ± 0.3266

-

After treatment with pectinase enzyme the
diameter of sclerenchymatous cells decreased
significantly in group 2 (from 47.888 μm to 30.809 μm
[35.66%]), but increased by 3.23% to 49.436 μm in
group 1, as compared to the control group. Cell wall
thickness of the sclerenchymatous cells increased
significantly in group 1 (from 4.124 μm to 4.776 μm
[15.80%]), but in group 2 decreased to 3.995 μm
(3.12%). The anatomical sections of the flax stem
tissues from group 1, group 2, and the control group
support these results (Figure).

The effects of different media on the diameter and
cell wall thickness of sclerenchymatous phloem fibers
are shown in Table 4. While the diameter of the
sclerenchymatous cells was 44.118 μm in the control
group, it increased significantly to 71.407 μm in group
1 (61.85%). The 0.36% increase in sclerenchymatous
cell diameter was not statistically significant in group
2, as compared to the control group. Cell wall thickness
of sclerenchymatous cells increased significantly; from
4.601 μm to 6.112 μm in group 1 (33.49%) and from
4.601 μm to 7.625 μm in group 2 (65.72%).

Discussion
Saline water ranges from simple sea water
intrusion in coastal areas (with a composition similar
to sea water) to underground water or contaminated
saline drainage waters, which can contain high levels
of molybdenum, selenium, sulfate, boron, arsenic,
uranium, and vanadium, as well as macro minerals
(19).

Table 4. The effects of different media on diameter and cell wall thickness of sclerenchymatous fiber cells (n=50, ± standard deviation).
Without enzyme

Enzyme

Groups
Diameter/
μm
ab

Diameter
(%)

Cell wall
thickness (μm)

Cell wall
thickness (%)

Diameter/
μm

Diameter
(%)

Cell wall
thickness (μm)

Cell wall
thickness (%)

1

71.407 ± 0.996

61.85

6.142 ± 0.285a

33.49

49.436 ± 0.235b

3.23

4.776 ± 0.125ab

15.80

2

44.281 ± 0.695c

0.36

7.625 ± 0.556a

65.72

30.809 ± 0.106ac

35.66

3.995 ± 0.106c

3.12

Control

44.118 ± 0.635c

-

4.601 ± 0.416bc

-

47.888 ± 0.255b

-

4.124 ± 0.942c

-

The differences between “a” and control, “b” and group 1, “c” and group 2 are significant.
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Figure. Anatomical cross-sections from stems of L. usitatissimum cultivar Sarı 85 grown in: a) control MS
medium; b) enzyme-treated control MS medium; c) medium rich in mineral salts and vitamins
(group 1); d) enzyme-treated medium rich in mineral salts and vitamins; e) medium poor in
mineral salts and vitamins (group 2); f) enzyme-treated medium poor in mineral salts and vitamins.
“s”: sclerenchymatous fiber cells, “t”: tracheary elements and tracheids. Bar equals 20 μm.

The results of the present study for shoot and root
dry weights show that the flax seed yielded components
of 2 lines of flax. It is evident that the flax plants grown
in the medium rich in mineral salts and vitamins
(group 2) were tolerant and maintained their
superiority over the flax plants that were grown in the
medium poor in mineral salts and vitamins (group 1).
As they yielded similar results, high salinity of the

rooting medium with NaCl was reported in the seed
cotton of salt-tolerant lines (B-557, culture-728-4, and
MNH-156) and they had higher growth performance
than salt sensitive lines (B-1580, culture-604-4, and
MNH-147) (20). Plants grown in a high salt
environment may be able to exclude salt at the root level
(limiting its transport to the shoots), move salt ions out
of the cytoplasm and into vacuoles, and excrete excess
309

The effects of excessive mineral salts and vitamins on fiber cell thickness in flax (Linum usitatissimum L. cultivar Sarı 85)

salt from the leaves. Because of these significant energy
expenditures (21), energy used to adapt to salt stress is
not available for plant growth. It has also been reported
that saline water on soil is usually associated with
reduced biomass production (22,23).
Less than 100 mM NaCl negatively affects plant
growth, as reported by Jaleel et al. (24). Soil salinity
alters growth, chlorophyll content, and secondary
metabolite accumulation in Catharanthus roseus.
Plant height, root length, and leaf area gradually
decreased following treatment with 50 and 100 mM
NaCl as salinity increased. In the present study flax
plants that were sensitive to mineral salts and vitamins
exhibited a decrease in root growth of 64%, while
plants grown in mineral salt and vitamin poor
medium exhibited a 45% decrease in growth.
Furthermore, chlorophyll a, chlorophyll b, total
chlorophyll, and carotenoid contents decreased in
plants grown in mineral salt and vitamin poor
medium, as compared to those grown in the control
medium. In contrast to the high salt effect, increases
in chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoid contents were observed in flax plants
grown in medium rich in mineral salts and vitamins.
While NaCl stress was destructive to the chlorophyll
pigments and caused instability of the pigment
protein complex (25), the medium rich in mineral
salts and vitamins countered the toxic effects on
photosynthetic metabolism. This can be explained by
the interaction of many signals that can cooperatively
and synergistically affect each other to produce a final
response. Some are indicated as growth regulators and
mineral nutrients. Therefore, altered growth or
metabolism occurs as a result of this synergism (26).
In the mineral salt and vitamin poor medium the
observed reduction in leaf chlorophyll content was
similar to that obtained with NaCl stress (24). It is also
attributed to the interference of salt ions with de novo
synthesis of proteins (the structural component of
chlorophyll) rather than the breakdown of chlorophyll
(27). Regulation of transportation and distribution of
ions in various plant parts, and within cells is an
important feature of the mechanism of salt tolerance
(28,29), in as much as the specific accumulation of
Na+ and/or Cl- in plant tissues is toxic and is reported
to be among the major causes of growth reduction
under saline conditions (29-32).
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The chlorophyll a:chlorophyll b ratio increased in
the flax plants grown in the mineral salt and vitamin
poor medium. This is indicative of a reduction in
photosystem II activity. This was shown to improve
in a study illustrating the effects of salt stress and the
synthetic hormone polystimuline K on the
photosynthetic activity of Gossypium hirsutum (33).
The improvement of the affected variables in response
to polystimuline K pre-treatment in salt-stressed
cotton plants suggests the synthetic growth regulator
has a stabilizing effect on the thylakoid membranes,
leading to normalization of H+/NaCl exchange, which
consequently hastens the recovery of damaged
photosystem II centers. Thus, it is understood that the
flax plants grown in medium poor in mineral salts
and vitamins behaved similarly to how salt-sensitive
plants behaved. As in the study on cotton salt-tolerant
and salt-sensitive lines, high salinity of the rooting
medium adversely affected the cotton lint percentage,
staple length, fiber fineness, and fiber maturity (3438). Flax fibers are known to originate from
procambial cells in the protophloem. They are long
multi-nucleate cells, without a septum or partition
(39), are extremely long (2-5 cm), and have a very
thick secondary wall (5-15 μm) gathering in bundles
of 12-36 cells that encircle the vascular cylinder.
Therefore, with a large number of unidirectional
cellulose microfibrils, flax fiber has been described as
a good model of a tubular structure with low
elongation values, low extensibility, and high tensile
strength (40).
Because there is a positive correlation between
Young’s modulus and tensile strength, fibers that have
low elongation values possess high strength (41).
Application of excessive mineral salts and vitamins to
linseed (cultivar Sarı 85) was thought to positively
affect fiber strength by decreasing cell wall
extensibility in response to pectinase application to
the fiber cell walls, although increasing cell wall
thickness the most. It has been reported that the pH of
the xylem and apoplast of plants growing in dry soil
could be more alkaline than that of plants growing in
wet soil, which might result in restricted expansion
(42). Sclerenchyma fibers, with their vast surface area,
are reported to be sensitive to changes in the status of
plant water. Osmotic stress induction by soil drought
retarded fiber elongation; in addition, plant growth,
cell wall thickening, and the formation of tissue-
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specific galactan were suppressed to a much greater
degree (43). In the plants grown in the medium poor
in mineral salts and vitamins, the diameter of
sclerenchymatous fiber cells was larger than in the
plants in the control and medium-rich groups;
however, cell wall thickness was the least, while cell
wall extensibility exhibited the largest increase among
the study groups. It is suggested that the diameter of
fiber cells increases considerably during maturation
of the capsule, in parallel with cell wall thickening. A
small decrease has been reported just after flowering
time, while an increase occurred with drought stress
(44). The decrease in cell wall extensibility noted in
the sclerenchymatous cells of flax plants grown in the
medium rich in mineral salts and vitamins can be
explained by their Ca2+ antagonizing acid-induced
extension, binding tightly to the pectins of the cell
wall, enhancing cell wall rigidity, and affecting ion
concentration and pH (45-47). In the future, efforts
can be made to promote use of the linseed fibers with
thicker cell walls by growing the regenerated linseed
plants from the mineral salt and vitamin rich MS

medium, and additional attempts can be made to
measure the tensile strength of the fibers in order to
monitor the quality of the fibers produced.
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